A high yielding synthesis of stilbene oxides using ammonium ylides has been developed. It turned out that the amine leaving group plays a crucial role as trimethylamine gives higher yields than DABCO or quinuclidine. The amine group also influences the diastereoselectivity, and detailed DFT calculations to understand the key parameters of these reactions have been carried out.
Onium ylides are versatile reagents for (dia)stereoselective epoxide, aziridine, and cyclopropane syntheses. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] In contrast to sulfonium ylides, which are frequently used for a variety of three-ring forming reactions, 3 ammonium ylides have been less routinely used in the past. 4-8 This is mainly because of the weaker leaving group ability of the amine group as compared to their sulfur analogues. 10 We have recently succeeded in developing a high yielding and highly trans-selective epoxidation reaction using amide-stabilised ammonium salts 1 as ylide precursors (Scheme 1). 7 Key to success in this transformation was the use of trimethylamine as the amine leaving group of choice, which was clearly superior to other tertiary amines such as DABCO, quinuclidine, or triethylamine. Expanding the application scope of this operationally simple method we became interested in the synthesis of stilbene oxides 5, starting from benzylic ammonium salts 4 (Scheme 1). This transformation has been reported in the past using DABCO and quinuclidine as the amino group. 5 However, it was found that the nature of the leaving group, as well as the electronic properties of the aryl group of the benzylic ammonium salt 4 play a crucial role hereby. While electron-rich or phenyl-based ammonium salts 4 gave epoxides 5 in up to 40% yields only (with a cis/trans ratio depending on the leaving group ability), more stabilised ylides (with electron-withdrawing aryl substituents) allowed for higher yields and higher trans selectivities. 5 Based on computational results, Aggarwal and co-workers explain the observed generally low yields by the high barrier to elimination, which is a consequence of the poor leaving group ability of the amine group. 5c They also rationalize the observed variations in diastereoselectivity according to the nature of the substrate by the degree of reversibility in betaine formation: reaction of stabilized ylides (substituted by electron-poor aryl groups) lead to reversibility of betaine formation and high trans selectivity, whilst groups that destabilize the ylide (electron-rich aryl groups) or reduce the barrier to ring closure (better amine leaving group) lead to reduced reversibility and lower diastereoselectivity. 11
Scheme 1
Recent results in the field of ammonium ylide mediated epoxidations and targeted (high yielding) synthesis of stilbene oxides 5 with trimethylamine-based ammonium salts 6. 
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Based on these observations and our excellent previous experience with trimethylamine-based ammonium salts, 7 we became interested in investigating if the beneficial effect of this superior leaving group also holds for the synthesis of stilbene oxides 5 and evaluating the effect of Me 3 N on the diastereoselectivity of this reaction.
Initial experiments to identify the best suited conditions for the reaction of the parent ammonium salt 6a (Ar = Ph) with benzaldehyde (2a) showed that a combination of t-BuOK as the base and THF as the solvent clearly outperforms other base/solvent systems. With these basic conditions set, we then further fine-tuned the reaction conditions and elucidated the scope of this transformation. Table   1 gives an overview of the most significant results obtained in a rather detailed screening of different reaction conditions and substrates. As shown in Table 1 , entries 1-5, the amount of base as well as the reaction temperature play a significant role. For room temperature reactions it was found best to use three equivalents of t-BuOK which allowed for 69% isolated yield of a 61:39 trans:cis mixture of 5a (Table 1 , entry 2), whereas a slightly higher temperature of 40 °C allowed us to obtain 5a in an excellent 93% yield and a slightly higher trans selectivity (66:34) when using four equivalents of base (Table 1, entry 5). Noteworthy, larger or lower amounts of base reduced the yields significantly, either due to decomposition of the product or be- 
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cause of insufficient reactivity when using less base. In addition, longer reaction times usually had no positive effect, even in those cases where conversion was slow.
To illustrate the different leaving group ability of trimethylamine compared to DABCO and triethylamine, we also used the analogous ammonium salts under the optimized conditions (Table 1, entries 6 and 7) . These experiments clearly demonstrate the significantly higher yield using trimethylamine but also showed that with this more reactive system the diastereoselectivity slightly decreases, giving increasing amounts of the cis epoxides.
Having identified simple conditions that allowed for high yields within a short reaction time, we next tested a variety of differently substituted ammonium salts 6 ( , for which 2 and 5 are prone to decomposition under the basic conditions, a variety of differently substituted aryl groups are well accepted in this reaction. Yields for epoxides 5 starting from electron-rich and electron-neutral substrates were equally high, apart for 5g synthesized from ammonium salt 6g (Table 1, entry 14) , which tends to oligomerize under the basic reaction conditions. 12 As expected, the diastereoselectivity strongly depends on the electronic properties of the ammonium salt, with more stabilized ylides (obtained from 6 with electronpoorer aryl groups) gave higher trans selectivities. The opposite (but less pronounced) trend was observed by changing the nature of the aldehyde 2. Hereby, less reactive electron-rich aryl groups (i.e., Table 1 , entries 15 and 17) give a higher trans selectivity than electron poorer ones (Table 1 , entry 20). Unfortunately, using cyclohexane carbaldehyde as the acceptor mainly resulted in decomposition, giving only minute amounts of the corresponding epoxide 5o (Table 1, entry 25).
In order to investigate the origin of the observed better yield and lower diastereoselectivity using the trimethylamine-based ylide, as compared to DABCO, quinuclidine, and Et 3 N derivatives, we carried out DFT calculations. We have computed the free energy profile of the reaction of PhCHNMe 3 ylide with benzaldehyde at the B3LYP-D3/6-311+G**(DCM)//B3LYP/6-31G*(DCM) level of theory ( Table  2 and Figure 1 ). 13 For purpose of comparison with Aggarwal's results, we also considered DABCO and quinuclidine derivatives. 5c Our calculations are in good agreement with the previously predicted (partial) reversibility of betaine formation in reaction of quinuclidine-based ylide and the less or nonreversible addition step in the case of Me 3 N and DABCO derivatives. 14 While for trimethylamine-based ylides this reduced reversibility in betaine formation can be accounted for by a better leaving group ability (see free energy barri-ers from anti-betaine in brackets in Table 2 ), for DABCO derivatives the main reason is in fact a more exothermic betaine formation.
Accordingly, the generally low diastereoselectivity observed in reaction of trimethylamine-based ylides can be accounted for by a less reversible addition step which is therefore the selectivity determining step. This latter involving no significant barrier, 15 it is expected to occur with no (or very low) selectivity. Conversely, for quinuclidinebased ylides the addition is predicted to be (partially) reversible, meaning that selectivity must be determined at the elimination step, which explains the high preference for trans-epoxides in this case. 5 The observed increase in trans diastereoselectivity with electron-withdrawing character of ylide substituents (see Table 1 , entries 7-9) can be explained by their impact on the degree of reversibility of addition, and hence on the origin of the selectivity-determining step. Indeed, stabilization of the ylide by EWG increases addition reversibility because of a less exothermic betaine formation and an increased free energy barrier to elimination 16 (Figure 2 ). In the case of EWG substitution, selectivity is thus determined at the elimination step, and the predicted relative higher stability of trans-TSelim over its cis isomer (by 1.9 kcal/mol for 4-F 3 CC 6 H 4 CHNMe 3 ylide) accounts for the observed high selectivity.
In terms of yield, the better results obtained for reaction of Me 3 N-based ylides, as compared to DABCO and quinuclidine derivatives, can be explained by the higher reactivity toward epoxidation of the former due to a better leaving group ability, which then decreases the occurrence of competitive degradation reactions. 17 One very versatile strategy to carry out ylide-mediated epoxidations without the need of strong basic conditions relies on the use of diazo compounds as ylide precursors. This strategy is commonly used for sulfonium ylide mediat- 
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ed epoxidations, where the diazo compound can be used to obtain ylides in situ upon reaction with a metal catalyst (usually Rh-or Cu-based) and a (catalytic amount of) sulfide as was impressively shown by Aggarwal's group. 18 Interestingly, it was also shown that by changing from sulfonium to tellurium ylides, 19 the corresponding alkenes are obtained instead of the epoxides. Much to our surprise (and to the best of our knowledge) no analogous reports for ammonium ylides have been reported so far. We thus tested the feasibility of such a transformation by using phenyldiazomethane 7 in combination with Rh 2 (OAc) 4 and DABCO (8) as the amine component (Scheme 2). After thorough screening of different conditions, we found that such a reaction is possible in principle, albeit with low yield only. These low yields can mainly be attributed to rather pronounced side-reactions such as the dimerization of the diazo compound to stilbene derivatives or different carbene insertion products. Also, variations of the metal catalyst or the in situ generation of the diazo species under phasetransfer conditions (as reported previously 18d ) were not beneficial. Attempts to use the amine component in a catalytic fashion also were not very successful. Thus, it can be concluded that, although possible, the use of diazo com- 
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pounds as ammonium ylide precursors for epoxide formations is not as effective as the comparable use for sulfonium ylide mediated reactions.
In conclusion, a high-yielding protocol for the synthesis of stilbene oxides using ammonium ylides has been developed. 19, 20 The nature of the amine leaving group plays a crucial role herein and it was found that trimethylamine gives significantly higher yields than DABCO or quinuclidine. The nature of the amine group also influences the diastereoselectivity in these reactions. A detailed DFT study allows understanding the different yields and selectivities when using different amine leaving groups and aryl substituents.
